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We report the growth and characterization of epitaxial Ba0.5Sr0.5TiO3/SrRuO3/ZrO2 on Si for
potential charge storage applications. Both Ba0.5Sr0.5TiO3 ~BST! and SrRuO3 ~SRO! are grown
~110!-oriented on yttrium-stabilized ZrO2 ~YSZ! ~100!-buffered Si. These films show a high degree
of crystallinity with minimal interdiffusion at the interfaces as evidenced from x-ray diffraction,
Rutherford backscattering, and transmission electron microscopy. Studies on the in-plane
crystallographic relations between the layers revealed an interesting rectangle-on-cube epitaxy
between BST/SRO and YSZ. The dielectric constant and loss tangent of the BST dielectric layer are
360 and 0.01 at 10 kHz, respectively. The leakage current density is lower than 4
31027 A/cm2 at 1 V. A strong frequency dependence on both dielectric constant and loss tangent
is observed in 1–10 MHz frequency range. This is attributed to the effect of a series resistance in
the measurement loop, which is likely related to the bottom SrRuO3 electrode. © 1995 American
Institute of Physics.Pseudobinary solid solution Ba12xSrxTiO3 ~BST! is one
of the dielectric materials that offer promises for high-
density charge storage devices. The BST phase is either
ferroelectric or paraelectric at room temperature depending
on the Ba/Sr ratio. With a dielectric constant exceeding 300
over the entire composition range, BST of ferroelectric com-
position ~x<0.25! is of interest for use in nonvolatile
memory, while paraelectric BST ~x.0.3! is suitable for mak-
ing dynamic random access memory and various integrated
microcapacitors. In both cases the physical dimensions of the
devices can be greatly reduced owing to the high dielectric
constant of the material. BST with equal portion of Ba and Sr
is frequently studied.1–4 Its Curie temperature ~250 °C! is
far from the typical operating temperatures ~0–70 °C! for
microelectronic devices, so that a compromise of dielectric
properties is maintained between a high dielectric constant
value and a modest temperature dependence in the vicinity of
room temperature.
For charge storage applications, it is essential that the
dielectric films grow in a metal–insulator–metal ~MIM! con-
figuration on Si substrates. However, the common approach
of using polycrystalline metal electrodes such as Pt poses a
challenge for obtaining BST films of good crystallinity.3,5
Recently, epitaxial BST films grown on SrRuO3 ~SRO! base
electrodes deposited on lattice matched perovskite substrates
have been demonstrated.6 However, these substrates are not
widely used in making integrated devices. In this letter, we
report the growth and characterization of epitaxial BST thin
film capacitors on Si substrates by 90° off-axis sputtering.
The key structural component responsible for the epitaxy is a
YSZ ~ZrO219 mol % Y2O3) template layer on Si which
allows the epitaxial growth of a metallic oxide SRO.7 We
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aries of the heterostructures. Furthermore, we show that ep-
itaxial BST layer has a good insulating behavior, and that the
dielectric constant is routinely over 300, and in some cases
can be as high as 1500 at low frequencies.
The starting layer for our heterostructure is a ~100!-
oriented YSZ buffer layer about 800 Å thick grown on
Si~100!. The procedure for removing the native oxide layer
on Si and depositing YSZ by pulsed laser deposition is de-
scribed elsewhere.8 Deposition of SRO and BST layers by
90° off-axis sputtering were performed in a separate cham-
ber. Typical sputtering conditions consist of Ar/O2 mixture
of a 3:2 ratio for a total pressure of 25 mTorr and a substrate
heater temperature of 680 °C for SRO, and Ar/ O2 of a 4:1
ratio of 15 mTorr and 650 °C for BST. The deposition rates
are 2000 Å/h for SRO and 1600 Å/h for BST by using an rf
power of 80 and 125 W for the two materials, respectively.
Typical layer thicknesses for SRO and BST are 750 and
1000–2000 Å, respectively.
The film microstructure was examined using x-ray dif-
fraction ~XRD!, Rutherford backscattering spectroscopy
~RBS!, and transmission electron microscopy ~TEM!. XRD
u-2u scans ~Fig. 1! showed only ~hh0! reflections for both
SRO and BST layers, demonstrating that the SRO/BST lay-
ers are of single orientation. Rocking curve v scans revealed
peak widths for BST ~110! and SRO ~110! layers are only
slightly broader than that for YSZ ~Fig. 1 inset!, suggesting
that YSZ is a good template layer for SRO and BST growth.
To determine whether the SRO/BST heterostructure is
epitaxial, we have performed f scans around SRO ~200! and
BST ~200!, as shown in Fig. 2. The f angle was set so that
the YSZ ~220! @and Si ~220!# occurred at f545°. Peaks
610° from f545, 135, 225, and 315° are observed. An
analysis of the possible in-plane arrangements of BST/SRO138710)/1387/3/$6.00 © 1995 American Institute of Physics
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Downindicates an interesting diagonal type of epitaxy, with BST/
SRO ^111&iYSZ/Si^110&. This gives rise to a fourfold degen-
eracy in the BST/SRO layer and an angle ;10° between
BST/SRO @001# and YSZ @010#. The mismatch between the
d spacing of SRO ~111! and YSZ ~110! is 26.3%. In con-
trast, a more intuitive, cube-on-cube type of epitaxy with
BST/SRO ~100!iYSZ~100! and BST/SRO^110&iYSZ^100& is
absent, presumably due in part to a larger lattice mismatch of
8.1% between SRO ~110! and YSZ ~100!. The diagonal type
of epitaxy has been found in YBa2Cu3O72d/SrTiO3 system,9
albeit with a much smaller angle between the misaligned
crystallographic directions.
The chemical compatibility between individual layers
has been examined using RBS and TEM. RBS performed by
1.8 MeV 4He1 ~Fig. 3! showed well-defined peaks for the
constituent elements for each layer. The composition for BST
layer as obtained from computer simulation of the spectrum
is nearly the same as the target. Cross-sectional TEM ~Fig. 4!
also revealed sharp interfaces with little evidence for inter-
diffusion or presence of intermediate layers within the reso-
lution of our TEM. Columnar growth is observed for the
FIG. 1. An XRD u-2u scan of a BST/SRO/YSZ/Si heterostructure. The inset
shows v scans for the four peaks labeled by numbers 1–4.
FIG. 2. X-ray f scans for ~a! ~200! reflection of SRO and ~b! ~200! reflec-
tion of BST grown on YSZ/Si. Peaks at (N21/2)90° are due to interfer-
ence of Si~220!.1388 Appl. Phys. Lett., Vol. 67, No. 10, 4 September 1995
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Dielectric properties were measured in 104– 107 Hz us-
ing an HP 4275A multifrequency inductance-capacitance-
resistance ~LCR! meter and an HP 4140B pA meter. Au/Ti
electrodes 0.47 mm30.47 mm in size were evaporated on
the films through a shadow mask. The capacitance was mea-
sured by probing two adjacent electrodes about 5 mm apart.
The measured capacitance was then multiplied by a factor of
2 to deduce the dielectric constant of BST by assuming two
identical capacitors in series. The dielectric constant for a
1350 Å thick BST film is 360 at 10 kHz. Measurements on
additional samples found e can be as high as 1500 at low
frequencies. The leakage current density is ,4
31027 A/cm2 at 1 V ~field intensity 7.43104 V/cm!.
Since the capacitor structure is asymmetrical ~SRO on one
side and Au/Ti on the other!, the I–V curves may depend on
polarity. Thus the leakage current density reported here may
be lower than that of a single capacitor.
As shown by filled circles in Fig. 5~a!, the e decreases
slowly with increasing frequency, and then rolls off as fre-
FIG. 3. RBS spectrum taken from a BST/SRO/YSZ/Si sample. Circles are
data points and the solid line represents a simulated curve for the film
compositions specified.
FIG. 4. Cross-sectional TEM shows well-defined interfaces between the
layers and a columnar grain structure in BST.Hou et al.
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Downquency is raised further. At the same time, the loss tangent
shows a monotonic increase as frequency increases. These
kinds of behavior are reminiscent to dielectric relaxation
~dispersion!. However, for BST, the dielectric relaxation
should only occur at a much higher frequency, typically
>1010 Hz. If the BST/SRO bilayer is considered as a trans-
mission line, then the distributed resistance R and capaci-
tance C of the system can be evaluated.10 The RC time con-
stant is given by ree0L2/h1h2 , where L is the length of the
line, and h1 and h2 are the thicknesses of the dielectric and
resistive layers, respectively. The structure is a low-pass filter
with roll-off frequency (RC)21. Thus if the dimensions of
the capacitor are reduced, the roll-off frequency should in-
crease. Indeed, when we measured the dielectric properties
on the same sample using smaller top electrodes, a higher
roll-off frequency was observed, as shown by open circles in
Fig. 5. The absolute value of e, however, cannot be deter-
mined because the two capacitors are not of the same size.
While an exact treatment of the capacitor structure is not
trivial, a simple model which consists of a resistor R in series
with a lossy capacitor C, can account for the gross features
observed in the e and tan d data. The measured capacitance
Cm and loss tangent Dm are given in terms of the intrinsic
values C and D by
FIG. 5. Frequency dependence of ~a! capacitance and ~b! loss tangent for
measurements performed on large ~filled circles! and ~open circles! capaci-
tors.Appl. Phys. Lett., Vol. 67, No. 10, 4 September 1995
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C~11D !2)
11@D1RC~11D2!v#2, ~1!
Dm5D1RC~11D2!v , ~2!
where Cm decreases and Dm increases with increasing v, as
the term RC(11D2)v becomes significant compared with
D.
According to the above model, dielectric properties mea-
sured with a smaller RCv are more representative of the
intrinsic properties of our BST films. In our measurements,
the minimum loss tangent 0.01 occurs at 105 Hz using small
electrodes, which correspond to the lowest RCv achievable
in our setup. In addition to the capacitor size, we also believe
the observed roll-off frequency in the 106– 107 Hz range has
to do with the existence of a non-negligible series resistor in
the loop, which mainly comes from the high resistivity of
SrRuO3 ~r;300 mV cm! compared to metals such as Pt.
In summary, we have grown heteroepitaxial BST/SRO
on Si using YSZ as a buffer layer. The layers are of high
crystalline quality and show no signs for interdiffusion and
intermediate phases. An interesting rectangle-on-cube type of
epitaxy occurs between BST/SRO and YSZ. Typical dielec-
tric constant and loss tangent of the BST films are 360 and
0.01 at 10 kHz. Both e and tan d deteriorate at frequencies
near 1–10 MHz, and the roll-off frequency is dependent on
the capacitor area. This behavior is qualitatively explained
by a series resistance model. Further investigations to allevi-
ate the frequency dependence effect are in progress.
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